In two experiments conducted at Badgery's Creek, NSW (Latitude 34m S) the roles of testosterone and the thyroid hormones triiodothyronine (T $ ) and thyroxine (T % ) as possible initiators of the change in voluntary feed intake (VFI) associated with the seasonal reproductive behaviour (rut) in male fallow deer were investigated.
INTRODUCTION
Most deer species maintained in their natural environment are seasonal breeders, with the occurrence of the first oestrus and rutting behaviour commencing in the autumn (Chapman & Chapman 1975 ; Asher 1985 ; Asher et al. 1988) . The timing of these events is controlled by photoperiod (Marshall 1937) which is transduced by the pineal gland into a distinct pattern of melatonin secretion (Arendt et al. 1983 ; Bittman et al. 1983) . Studies in sheep (Kennaway et al. 1982) and deer (Adam & Atkinson 1984 ; Asher 1985 ; Asher et al. 1987 ; Newman et al. 1991) , have shown that seasonal reproductive behaviour may be advanced by the administration of melatonin.
Irrespective of the timing, the seasonal reproductive behaviour in male deer is associated with a marked decline in voluntary feed intake (VFI) and this is independent of the availability of feed (Fennessy et al. 1981) . While this period of inappetance has been reported for red deer hinds (Suttie et al. 1987) , no causal interaction between the increase in gonadal activity and reduced feed intake has been established. However, a temporal relationship between high circulating concentrations of testosterone with a decline in VFI during the rut has been reported (Suttie & Kay 1985) . Surgical castration of reindeer will eliminate their normal weight loss during the rut (Ryg & Jacobsen 1982 a) but the active immunization of red deer stags against GnRH failed to affect the reduction in feed intake and body weight (Freudenberger et al. 1993) . This was presumably due to the failure of the active immunization procedure to block the surge in testosterone seen during the rut and could explain the failure to prevent the decrease in VFI and body weight in this study.
A role for the thyroid axis in the seasonal regulation of appetite is more tenuous. A shift in the timing of the rut with the administration of melatonin or the inhibition of prolactin release with bromocryptine has been reported to either suppress plasma T $ concentrations (Milne et al. 1990) or fail to affect thyroid status (Curlewis et al. 1988) in red deer hinds.
The behavioural mechanisms that result in marked seasonal variations in VFI seen in the deer, may have been lost in other ruminants such as sheep and cattle during their domestication. An understanding of the endocrine changes associated with the commencement of the rut in the fallow buck could provide an insight into which factors control VFI in domesticated species.
The objectives of the present study were to determine the roles that the surge in testosterone and the changes in other metabolic hormones observed at the onset of the rut have in the regulation of VFI. Given the importance of photoperiod in regulating the timing of the rut, we sought to establish if these hormonal changes are associated with the timing and maintenance of the rut or with other seasonal physiological phenomena.
MATERIALS AND METHODS

Experiment 1
Animals and treatments From December to July, 20 fallow bucks aged between 2 and 3 years were randomly allocated to three groups and subjected to one of the following treatments : (i) control group (C) (n l 6) exposure to the natural photoperiod, (ii) long day group (LD) (n l 9), exposure to a 16 h light : 8 h dark photoperiod, and (iii) long dayjmelatonin group (LDjM) (n l 5) exposure to the long day photoperiod and implanted with melatonin-releasing implants (Regulin Ltd, Melbourne, Australia). Approximate release rates of melatonin from similar implants in deer and sheep have been reported to be in the range of 0n2-0n5 mg per day and the duration of action varies from 6 to 10 weeks depending on the precise site of insertion (L. D. Staples, unpublished). For each buck in this last group, two implants were inserted subcutaneously in the back of the left ear in December and then again at intervals of 4 weeks in January and February. The animals were housed (Badgery's Creek, NSW, latitude 34m S) individually in covered pens with free access to water. The lighting in each pen for animals in the LD and LDjM groups, consisted of two fluorescent tubes (36 W), which could be controlled automatically, positioned 2n5 m from the floor. Light intensity at deer eye level varied from 81p13 lux at night to 263p12 lux during the day. The control group, exposed to the natural photoperiod, was separated from the other two groups by light-proof partitioning. The natural photoperiod decreased from 15 h light : 9 h dark in December to 10 h light : 14 h dark in July.
All groups were extensively handled for several months prior to commencement of the experiment to accustom them to the environment and the sampling procedures. Antlers were also removed from each buck before the onset of the study.
Feeding
Each animal was offered ad libitum a ground pelleted mixture of lucerne hay and oats (6 : 4) containing 0n5 % sodium chloride (10n4 MJ metabolizable energy per kg). Fresh feed was offered at intervals of 2-3 days following the collection of feed residues from the previous period. Estimates of weekly feed intake were obtained by subtracting the total weekly residue weight from the total weight of feed offered for that week.
Blood sampling
For blood sampling, the animals were restrained individually in a mechanical crush. Blood samples (10 ml) were collected weekly (December-July) by jugular venepuncture using heparinized vacutainers (Becton-Dickinson, Rutherford, New Jersey, USA). The samples were kept on ice until centrifugation within 2 h of collection, and the resulting plasma was stored at k20 mC until assayed.
Experiment 2 Animals and treatments
Ten mature fallow bucks were maintained in individual pens and exposed to the natural photoperiod. All bucks received the same diet ad libitum as described for Expt 1.
Five bucks received intra-muscular injections of 250 mg of testosterone enanthate (Primoteston Depot, Schering, Germany) in oil at intervals of 4 or 5 days for 28 days commencing in early January, c. 10 weeks before the expected onset of the rut. At the same time the remaining five bucks received intra-muscular injections of a vegetable oil.
Blood sampling
Blood was collected as in Expt 1, with weekly samples collected from January to June. In addition, hourly blood samples were collected for 24 h during the testosterone enanthate treatment.
Analytical
Plasma testosterone concentrations were assayed as described previously (Newman et al. 1991) . Nonspecific binding was 3 %, the assay sensitivity was 0n1 ng\ml and the intra-and inter-assay coefficients of variation were 12n1 and 15n5 % respectively. Plasma triiodothyronine (T $ ) was determined by the method of Eastman et al. (1975) . The sensitivity of the assay was 0n02 ng\ml and the intra-and inter-assay coefficients of variation were 11n6 and 17n5 % respectively. Plasma thyroxine (T % ) was measured as described by Wallace et al. (1978) . The sensitivity of the assay was 0n13 ng\ml and the intra-and inter-assay coefficients of variation were 9n6 and 13n5 % respectively.
Plasma glucose and urea measurements were made by autoanalysis using reagents and methods provided by Trace Scientific Pty Ltd (Baulkham Hills, NSW, Australia). Plasma long-chain fatty acids (FFA) were determined by enzymic analysis using reagents and methods supplied by Boehringer Mannheim, Germany.
Statistical analysis
All data are presented as the mean p the standard error of the mean. Repeated measures analysis of variance was used to analyse for the effects of treatment, time and the interaction of treatment and time, with the degrees of freedom adjusted to allow for correlations between successive observations on the same animal (Greenhouse & Geisser 1959) . In Expt 1, where maximum and minimum levels for a variable or the timing of these values were of interest, data were estimated from splines. The smoothing parameter P2 was estimated using generalized crossvalidation for each animal (Golub et al. 1979) . All data with the exception of feed intake were log transformed to stabilize the variance for the repeated measures analyses. The correlations between individual factors were pooled from a joint analysis of the particular parameters. 
RESULTS
Experiment 1
Voluntary feed intake and animal behaviour Prior to the rut (January to mid-March) the control group consumed 10n4p0n3 kg of feed per week ( Fig.  1 ). During the latter half of March, VFI declined rapidly to a mean value of 0n7p0n5 kg per week and remained suppressed for 3 weeks. From early May, 
Control 6 23p6n3 1 7 n 7 p 1 n 75 181p53n9 LD 9 15p2n9 1 6 n 0 p 2 n 53 123p35n6 LDjM 5 2 3 p 6 n 2 1 1 n 0 p 1 n 61 166p49n6 (Fig. 1) showed a similar pattern of change in VFI to the control group although the nadir for VFI was advanced by 1 week when compared with the control group (Table 1) . For the LDjM group the pattern of change in VFI was also similar to the other groups (Fig. 1 ) but the decline in VFI for this group was advanced significantly (P 0n05) by 9 weeks when compared to the control group (Table 1) . Over the course of the study, bucks in the control group consumed on average c. 12 % more feed than their counterparts in the other groups (Table 1) .
The decline in feed intake was associated with an increase in aggressive behaviour and with the onset of vocalization or roaring.
Plasma testosterone
In all groups the pattern of testosterone secretion was characterized by a marked rise in circulating concentrations which corresponded to the decline in VFI (Fig. 2 a) . For each treatment, the circulating concentrations began to fall during the latter half of the period of depressed VFI and returned to basal concentrations by the time VFI had returned to pretreatment values. Although the exposure to LD or LDjM treatments did not influence circulating concentrations of testosterone per se, the timing of the maximum concentration of testosterone was significantly (P 0n01) advanced in the LDjM group when compared to either the control or LD groups ( Table 2) . The timing of the suppression in feed intake was significantly related to the increase in circulating testosterone concentration (P 0n001) for all groups, the values of the correlation coefficients for the relations in the control, LD and LDjM groups being k0n68, k0n62 and k0n54 respectively. Inspection of Figs 1 and 2 a indicates a delay in the VFI response to changes in testosterone concentration of 2 weeks at any particular time point. Thus the correlation coefficients for relationships between testosterone level and feed intake were k0n9, k0n87 and k0n86 for control, LD and LDjM groups respectively when adjusted for this 2-week difference. Thyroid hormones A positive temporal relationship between plasma T % concentrations and VFI was observed in all treatment groups (Fig. 2 b) irrespective of the timing of the onset of the rut. These levels changed significantly (P 0n01) with time and with the interaction between treatment and time. In each group, the mean T % concentrations returned to pre-treatment values as VFI increased. A similar pattern in circulating T $ concentrations was observed, although the magnitude of the decrease in concentrations coinciding with the decline in VFI was not as marked as those for T % (Fig. 2 c) .
The change in thyroid hormone status was significantly related to VFI (P 0n001) over time for all groups. However, the values of the correlation coefficients for T % tended to be greater than those for T $ in the control, LD and LDjM groups being k0n71, k0n81 and k0n84 for T % and k0n62, k0n72 and 0n44 for T $ respectively.
Plasma glucose and urea
No consistent pattern of change in plasma glucose concentrations was observed in response to the decrease in VFI for any of the treatments (Table 3) . Similarly, there was no significant change in plasma urea concentration as VFI changed (Table 3) .
Experiment 2
Plasma testosterone Administration of testosterone enanthate resulted in a significant (P 0n01) increase in circulating testosterone concentrations as demonstrated in the diurnal pattern shown in Fig. 3 . Unlike the testosterone-treated bucks, the control bucks elicited a distinct rhythm with secretory episodes being observed every 8 h.
Voluntary feed intake
The mean VFI for the control and treated bucks was similar prior to the testosterone enanthate treatment (Fig. 4) . Relative to the controls, the treated bucks showed little change in VFI in response to the initial injection but showed large decreases (P 0n01) in the succeeding 5 weeks of testosterone treatment. Feed consumption returned to control values within 2 weeks of the last testosterone injection. After a further 2 weeks, feed intake began to decrease in unison with the suppression observed in the control group as a result of the normal seasonal onset of the rut. This decrease was of a similar magnitude to that observed in response to the previous exogenous testosterone treatment, however, the nadir was slightly higher than observed in the control group, in which feed intake had almost ceased (2n8p0n7 and 0n5p 0n1 kg\week for the testosterone-treated and control groups respectively).
Plasma free fatty acids
The plasma FFA concentrations are given in Fig. 5 . These concentrations varied in an inverse relationship with the decline in VFI during both the period of testosterone enanthate treatment and the period of the rut. In each case, plasma FFA concentrations were increased significantly (P 0n05). Overall, the timing of changes in VFI and plasma FFA concentrations were closely related (r l k0n89).
DISCUSSION
This study has established the basal secretory patterns for some metabolic hormones and their temporal relationships with the decline in VFI associated with seasonal reproductive activity of fallow bucks. The most significant interaction that we have been able to identify is a causal relationship between testosterone status and the suppression of VFI irrespective of the prevailing photoperiod. The relationship between elevated testosterone concentrations and the decline in VFI was shown to be highly correlated in all treatment groups, especially when the time lag for the increased testosterone concentrations was adjusted to coincide with the decline in VFI. Support for this concept is derived from the finding that the exogenous administration of testosterone decreased VFI in a similar manner to that observed during the rut. Previous studies in deer have provided evidence for a causal relationship between gonadal steroid status, liveweight loss and the regulation of VFI during the rut. Ryg & Jacobsen (1982 a) reported a greater decline in body weight during the rut in intact reindeer relative to that of castrates. Similarly, Suttie & Kay (1985) reported an elevation in circulating testosterone levels with the onset of inappetance at the commencement of the rut, while a more recent study by Ataja et al. (1992) demonstrated that GnRH immunization in red deer stags reversed the decline in body weight seen during the rut.
The infusion or injection of gonadal steroids will induce changes in VFI in other species. The systemic infusion of oestrogen (Forbes 1972) or its injection at low concentrations into the lateral ventricles (Forbes 1974) in sheep increases VFI, however, high doses suppress VFI irrespective of the mode of administration. Studies in the rat have also demonstrated a dose-dependent response in VFI to testosterone administration (Wade & Gray 1979) . Low doses caused an increase in VFI while higher doses led to a decline in appetite with attendant decreases in both body weight and body fat content (Wade & Gray 1979) . These workers suggested that the aromatization of testosterone to oestradiol (Nimrod & Ryan 1975) in the adipocyte results in a sensitization of this cell population to the lipolytic actions of growth hormone (GH), which may not be reflected in any change in the circulating concentrations of GH (Trenkle 1976 (Trenkle , 1981 . In addition, there is evidence to show that both oestrogen and testosterone stimulate the secretion of GH from pituitary somatotrophs in ruminant species (Davis et al. 1977) . Although GH concentrations were not measured in the present study, GH has been found to increase in the fallow buck during the period of inappetance associated with the rut (R. E. Newman, unpublished).
These changes in endocrine status most likely reflect the requirement for the buck to maintain the supply of energy substrate. Therefore, it is not surprising that circulating FFA concentrations are elevated during the rut. The negative relationship between FFA and VFI is demonstrated by the suppression of VFI in response to the infusion of either long chain fatty acids (Vandermeerschen-Doize! & Paquay 1984) or fat emulsions (Woods et al. 1984) .
This notion is reinforced by the results from the present study in that circulating FFA levels were inversely related to the decline in VFI and positively associated with high circulating testosterone concentrations. The consequence of this relationship could be the perceived need of the male to devote more time to reproductive behaviour, ensuring reproductive success, at the expense of time spent grazing (Rapley 1985) . The observation that seasonal cycles in VFI are still present in castrated stags, albeit at an attenuated level (Domingue et al. 1992) suggests that factors other than the gonadal steroids also contribute to the regulation of VFI.
The ability of chronic melatonin administration to advance the breeding season of short day breeders was first recognised in sheep (Kennaway et al. 1982) and has subsequently been demonstrated in both red deer hinds (Webster & Barrell 1985) , fallow bucks (Asher et al. 1987) and does (Asher et al. 1988) . The magnitude of this effect varies markedly between these studies, probably in response to differences in the route of melatonin administration. Melatonin administration by subcutaneous implants advanced oestrus activity in fallow does by 8 weeks, whereas oral dosing of fallow bucks advanced sperm concentration and motility only marginally without altering the timing of the seasonal peak in testosterone and increase in neck girth. In the present study, plasma melatonin concentrations were elevated 3-fold as a result of the subcutaneous implants (Newman et al. 1991) whereas the changes observed in the study of Asher et al. (1987) were insignificant.
Data from the present study show a seasonal rhythm in VFI, testosterone and thyroid function. Melatonin administration advanced these changes by 9 weeks while exposure to a long-day photoperiod advanced the rhythm by c. 1 week. Barry et al. (1991) have suggested that, not only are the reproductive rhythms synchronized to the prevailing photoperiod through the pattern of melatonin secretion, but the rhythm of VFI may also be entrained to this same mechanism. The cue for the onset of the breeding season is thought to be a decrease in photoperiod. However, for deer adapted to tropical conditions, the seasonal change in food quality may have a greater influence on the pattern of ovarian activity (Lincoln 1985) . In the present study, the exposure of animals to an extended photoperiod did not markedly affect the timing of either the reproductive or VFI rhythms. Therefore, it is possible that the development of refractoriness to inhibitory long daylengths rather than exposure to decreasing daylengths may be the trigger for the rut. A similar conclusion has been reached by Robinson et al. (1985) , who found that prolonged exposure of Suffolk ewes to an artificial photoperiod equivalent to that of the summer solstice did not affect the normal timing of their breeding season. In view of the fact that the bucks were housed in pens which may have facilitated some interaction, it is possible that the initiation of the rut in one buck may have induced similar physiological changes in neighbouring animals.However, the distinctive treatment effects that were observed in bucks housed in close proximity do not support this contention. The changes in the thyroid hormones are likely to be the result of the reduction in feed intake rather than a cause of the rut. The role of thyroid hormones in the control of seasonal reproductive and metabolic rhythms in deer is not clear. A number of studies have demonstrated either no seasonal rhythm (Bubenik & Bubenik 1978 ; Ryg & Jacobsen 1982 b ; Brown et al. 1983 ; Bubenik & Leatherland 1984) or distinct rhythms (Bahnak et al. 1981 ; Ryg & Jacobsen 1982 b ; Watkins et al. 1983 ; Bubenik et al. 1986 ) in T $ and T % which are closely aligned with the rut in white-tailed deer. In these studies, the decline in VFI was associated with a decrease in circulating levels of both T $ and T % . Changes in thyroid status have therefore been used as indicators of nutritional stress in this species (Bahnak et al. 1981) . The picture is further complicated by the report of Milne et al. (1990) , who were unable to demonstrate a seasonal rhythm in plasma T $ concentrations in red deer hinds but found melatonin administration suppressed T $ concentrations for the duration of the study. In the present study, a persistent but gradual decrease in circulating T % concentrations was found in association with reduced VFI irrespective of its timing while a more marginal decline in T $ was observed. The gradual nature of these changes do not support a causal relationship with the decline in feed intake. These results may be consistent with those of Ryg & Jacobsen (1982 b) , who reported a seasonal rhythm in T % concentrations in male reindeer, with T $ status only responding to acute changes in feed intake.
However, the effect of melatonin administration was to advance the timing of this hormonal decrease in line with the decline in VFI. These changes are in conflict with those observed by Bubenik et al. (1986) , who showed a more distinct rhythm in T $ concentrations and virtually no change in plasma T % concentrations. As T $ is the biologically active moiety, it would seem logical for circulating concentrations of this hormone to relate more closely to seasonal metabolic activity, with T % acting as a precursor pool for peripheral deiodination to T $ as required. This, however, is not apparent in the present study.
Plasma glucose concentrations did not vary markedly over the course of the study despite major fluctuations in feed intakes and presumably glucose entry rates. This indicates that, as in the sheep, glucose homoeostasis is well developed in the deer. From the basis of studies with other ruminants, variation in plasma urea would be expected with variation in feed intake and accordingly in nitrogen intake. Thus urea concentrations should have been lower in the rut. In the control group, on average, urea was c. 20 % lower in the rut and an average decline of c. 33 % occurred at this time in the LDjM group. Again in the LD group the post-rut value was 19 % higher than the rut value.
These data provide further evidence to show that the seasonal decrease in VFI associated with the rut is triggered by an increase in circulating testosterone concentrations and that changes in circulating concentrations of T $ and T % are probably a result rather than a cause of the decline in VFI associated with the rut. (1983) . Melatonin can induce early onset of the breeding season in ewes. Journal of Endocrinology 97, 395-400. A, G. W. (1985) . Oestrous cycle and breeding season of
